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The longevity of e-PTE was also investigated under a constant current of 0.05 mA. As shown in Fig. 9 , the coulombic efficiency was stable over I00 cycles, while the discharge capacity decreased after about i00 cycles. The origin of the limited longevity is not thought to be intrinsic, but extrinsic. That is, the polymer film may peel off from the ITO substrate during repetitive charge-discharge cycles. Since the volume of conducting polymers is known to change with doping and undoping, the volume change during the doping-undoping cycle is thought to be one of the causes of the peel off phenomenon. 2~
Batteries with higher energy and power densities have been desired for years. The traditional approach has been to employ more energetic reactions, which result in higher unit cell voltage, to achieve higher power and energy densities. 1-~3 Although both stored energy and power densities have increased by this approach, 14 specific stored energy and power densities are still relatively low. This is because of the additional weight required to contain these highly * Electrochemical Society Student Member. * * Electrochemical Society Active Member.
a Present address: AT&T Bell Laboratories, Mesquite, TX 75149.
reactive materials and to maintain the mechanical strength of the battery. In addition, the energy densities of secondary batteries are much lower than that of primary batteries. I~ Furthermore, there is a safety concern associated with using highly reactive chemicals such as lithium and thionyl chloride. 16-1~ Another approach for achieving higher specific energy and power densities is to minimize unnecessary weight and volume in existing systems.
Vaporvolt cells, which currently are being evaluated by Energy Innovations, Inc., for NASA as possible replacements for higher power density primary lithium batteries, use this approach. Weight and volume are minimized by Downloaded 18 Aug 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp using thin laminations of metals and their oxides as the active materials of a battery? 9 Reaction rates at the electrode surfaces of these batteries are low, resulting in minimal stress on the electrodes. High currents are obtained by using the high area per volume characteristic of thin laminations. Desired voltage can be obtained by bipolar construction. Electrochemical conversion is accomplished by displacing oxygen from one metal to the other. There are no side reactions that complicate the process and make unwanted by-products; and, in most cases, the energy conversion process is highly reversible.
In designing high performance Vaporvolt cells, there are various attributes that can influence the system significantly. Such attributes might be the thicknesses of the electrodes and the separator, KOH concentration, and the current density. A sensitivity analysis is performed on various parameters to determine which parameters are most influential in increasing or decreasing the energy and power densities. This information can indicate the direction one should take to design better Vaporvolt cells. The results of the sensitivity analysis also can suggest which parameters should be obtained with more accuracy through further modeling studies or experimentation.
To achieve high performance in the Vaporvolt cell, various design parameters can be optimized so that the cell delivers the maximum attainable power density. The important parameters in the Vaporvolt cell are the thicknesses of the positive electrode (Lpos), negative electrode (Lneg) and separator (L~), the concentration of KOH (C~oH), and current density (i). The CuO/Cu system was selected in this investigation because the CuO/Cu Vaporvolt cells are the only successfully manufactured batteries at this time. By using a mathematical model of the CuO/Cu Vaporvolt cell, these parameters are investigated to determine if an optimal value exists for each parameter. The sensitivity of the model predictions to various parameters are then examined followed by determination of the optimal design parameters to maximize the power density of the Vaporvolt cell.
Model Development
The reactions occurring in the CuO/Cu Vaporvolt cell during discharge are the reduction of CuO at the cathode (positive electrode) 1 1 Positive Electrode: CuO + ~ H20 + e--+ ~ Cu20 + OH- [i] and the oxidation of copper at the anode (negative electrode)
The overall reaction is the production of Cu20 from CuO and Cu
Total: CuO + Cu ---> Cu20 [3] Since the solubility of Cu20 in basic solution is very low, tion is needed we account for the species interactions by using diffusion coefficients that are obtained experimentally. Negligible interactions between the solutes are assumed.
3. The Nernst-Einstein equation, D~ = u~RT, which is implicit in the dilute solution theory, applies.
4. The current density takes the form of the ButlerVolmer equation, which expresses the exponential dependence of the current on the overpotential.
5. The physical, transport, and electrokinetic parameters are constant throughout the solution.
6. The cell is isothermal. 7. No homogeneous chemical reactions occur in the electrolyte.
8. There is no electrolyte movement. 9. The electrochemical reactions occur at the surface of the electrodes.
A schematic of a CuO/Cu Vaporvolt cell is shown in Fig. 1 . During discharge of a CuO/Cu Vaporvolt cell, hydroxide ions are released from the positive electrode (Eq. 1), and consumed at the negative electrode (Eq. 2). Therefore, hydroxide ions must be transported in the electrolyte in the separator from the positive electrode to the negative electrode. Mass transport in this system is due to migration in an electric field and diffusion in a concentration gradient. Therefore, the flux expression for each species i can be written as N~ = -ziu~Fc~VcP -D1Vc~ [4] where the ionic mobility, ul, is assumed to be related to the diffusion coefficient D~ by the Nernst-Einstein equation D~ ui = RT [5] The differential material balance equation for each species without homogeneous chemical reactions in the electrolyte is
By combining Eq. 4 and 6, we can obtain the following equation Ox-K ~ z~u~-g~) [13] i There are three unknowns CK+, Corn, and ~, so we need three governing equations. Equation 8 is used for cm, Eq. 12 is used for Co~-, and Eq. 13 is used for ~. The initial and the boundary conditions for these dependent variables are as follows: at t = 0, the concentration of the species are their initial values
For all x at t --0 c~(t = 0, x) = c~ ~ [14] since c ~ must obey E: zic ~ = O. At x = 0, (positive electrode surface), the change in the concentration of OH-is related to the current density since the number of OH-ions released at the positive electrode surface is proportional to the number of the electrons received at the electrode, that is, current density (Eq. 1) ~CoH-i For all t, t > 0 8x ~=0 -n:F-DoH- [15] where n: is the number of electrons transferred in Eq. 1. At x = L~ (negative electrode surface), the change in the concentration of OH-also is related to the current density (Eq. 2)
Ox ~=L, -n~F-DoH- [16] where n~ is the number of electrons transferred in Eq. 2.
Since we cannot measure the absolute potential, we need to fix a potential at x = 0 For all t at x = 0 O(t, x = 0) = 0 [17] The relation between the current density, i, and the overpotential, ~l, is expressed by the Butler-Volmer electrochemical rate expression
where A * and A are the active surface area of the electrode and the geometric surface area of the electrode, respectively. Active surface area of the electrodes decreases with the discharge of the cell since Cu20, that has low electric conductivity, is formed on the electrodes during discharge.
The active surface area of each electrode is assumed to change according to the following equation
where m is the amount of active material (CuO for positive electrode, Cu for negative electrode) in an electrode at time t, and m ~ is the initial amount of active material in the electrode, m ~ is simply expressed by the following equation
where Lj is the thickness of the electrode and d~ is the density of the electrode. For a constant current density discharge, m changes with time according to following equation
where Mj is a molecular weight of an electrode j. By combining Eq. 18 through 21, we can obtain the following relation between the current density i and the overpotential rl
Note that CuO, CufO, and Cu exist as solids because of their low solubility in a basic solution, so the values of where Ucen is the open-circuit potential of the Vaporvolt cell.
Note that an overpotentia] takes a negative value at the positive electrode, and takes a positive value at the negative electrode, and (P(t, x = Ls) is always positive during discharge because negatively charged particles (OH-) must transport from the positive electrode (x = 0) to the negative electrode (x = L~). Therefore, the potential of a Vaporvolt cell, Ecen, is always smaller than the open-circuit potential of the Vaporvolt cell, Utah.
Equations 4-13 represent the basic governing equations necessary to describe the behavior in the electrolyte of a Vaporvolt cell. These equations are solved numerically by setting the cell current density, i, and calculating the potential of the Vaporvolt cell, Ecen, or the power density, P (=iEc~n). BAND(J), a finite difference numerical technique developed by Newman, 21 was used to solve the equations. The model parameters associated with these equations are shown in Table I . 
Results and Discussion
Although we assume that the electrochemical reaction occurs only at the surface of the active material, the reaction layer moves to the inside of the active material as the cell discharges. Therefore, the thickness of the mass transport region of the cell increases as the cell discharges. To check the validity of this assumption, the cell performances with different separator thicknesses are predicted and compared. First, the cell performance is predicted with the parameter values listed in Table I , and then, the thickness of the separator is doubled, and the cell performance is predicted again. The result is shown in Table II . The predicted performances of Vaporvolt cells with different separator thicknesses are almost the same. This result indicates that the movement of the reaction layer in the cell has little effect on the performance of the cell. Therefore, the assumption that the electrochemical reaction occurs only at the surface of the active material is valid in this model. Figure 2 shows the cell voltage change during the discharge with the parameter values listed in Table I , at various current densities. The cell voltage drops due to the increases in the overpotentials at the positive and the negative electrodes as we increase the current density during discharge. Therefore, the capacity and the energy density of the cell decrease with increasing current density of the cell during discharge, as shown in Fig. 3 and 4 . However, the power density of the Vaporvolt cell is not a monotonic function of the current density. As shown in Fig. 5 , the power density of the cell first increases and then decreases as the current density increases. So there exists a maximum power density value at a current density.
To determine the relative importance of the design feature of the cel] (e.g., thickness of the electrode) and the transport and kinetic parameters on the Vaporvolt cell's performance, a sensitivity analysis was done. The sensitivity analysis can indicate which parameters have the largest influence on the predicted performance of the Vaporvolt cell. If a small perturbation in a parameter does not change the predicted capacity significantly, energy density or the power density of the Vaporvolt cell, then that parameter could assume a large range of values, all of which give the same performance. The sensitivity coefficient can be defined as the dimensionless change in the predicted capacity, energy density, and the power density of the cell for a small dimensionless perturbation in a parameter j, while holding all other parameters constant 2~
~G/G
where 0j is the parameter and G is the capacity, the energy density, or the power density of the cell. Hence, large sensitivity coefficients mean that the parameter of interest significantly influences the cell performances. If the sensitivity coefficients for a parameter is large, the parameter should be obtained with more accuracy through further modeling or experimental studies. That is, if the value for a parameter is not known accurately and the parameter has 
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Fig. 3. The effects of current density on capacity of Vaporvolt cells.
, , a large sensitivity coefficient, then that parameter value should be ascertained more accurately to gain confidence in the model predictions.
All sensitivity coefficients calculated for this work were accomplished by increasing the value of the parameter o~ interest by 5% and calculating the resulting change in the capacity, energy density, and power density of the cell. For example, to get the sensitivity coefficient for the cell capacity on the separator thickness when the separator is 0.1 em, the capacity was calculated at 0.I cm and 0.105 cm and the sensitivity coefficient was calculated based on Eq. 28. The The model predictions show little sensitivity to small perturbations in the KOH concentration as shown in Fig 7. Th~s is because the IR drop due to the resistance of the electrolyte is negligible since the thickness of the separator is very small. The concentration of KOH in this region has very small effects on the capacity, energy density, and power density of the cell. 
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Fig. 10. Sensitivity of model predictions to changes in the thickness of the negative electrode.
The effects of the Vaporvolt cell separator thickness on the predicted performance are shown in Fig. 8 . The sensitivity coefficients for the capacity, energy density, and power density of the cell decrease similarly and monotonically with the increase in separator thickness. Therefore, the separator should be as thin as possible. However, to avoid shortening the cell, the thickness of the separator should be about 0.001 era. mances. The capacity and the energy density of the Vaporvolt cell increase as we increase the electrode thicknesses up to 0.002 em since the sensitivity coefficients for the capacity and the energy density are positive in this region, but the capacity and the energy density decrease as we increase the electrode thicknesses when the thicknesses are above 0.002 cm. Therefore, the capacity and energy density become their maximum when electrode thicknesses are about 0.002 em. The sensitivity coefficient for the power density of the cell is always negative, as shown in Fig. 9 and 10, so a small electrode thickness is favorable to get a larger power density. However; employing electrodes that are tess than 0.001 cm eould result in shortening the cell. A thickness of 0.001 cm is favorable for the positive and negative electrodes of a Vaporvolt cell to obtain maximum power density.
The maximum power density is obtained with a current density of 2.5 mA/cm 2 and 0.001 cm as the value for the thickness of the separator, and the positive and negative electrodes. As shown in Table III , the maximum power density obtained is 45.1 W/I; the capacity Js 1768 kC/1 and the energy density is 26.5 Wh/1 at these parameter values. These values are lower than that of the high energy density primary cells, such as Li/SOC12 cells, which highest power density is approximately 80 W/1 and its energy density is about 150 Wh/1 when the highest power density is obtained, ~4 however; the maximum attainable power density of a CuO/Cu Vaporvolt cell is much higher than that of Li/CF~ or Li/MnQ cells, which highest power density is approximately 15 W/] and the energy density is about 50 Wh/1 when the highest power density is obtained. This is summarized in Table IV . If stable electrodes with thicknesses less than 0.0Ol cm without the possibility of shortening the cell could be developed in the future, much larger power densities could be obtained. For example, if we can make electrodes and separators with thicknesses of 0.0005 cm, the maximum power density is 90.3 W/l, as shown in Fig. 11 , and the capacity and the energy density are 1768 kC/1 and 26.5 Wh/1, respectively.
Summary
A mathematical model of a CuO/Cu Vaporvolt cell is presented to predict the potential and transport behavior of the cell during discharge. A sensitivity analysis of a CuO/ Cu Vapory 9 cell mode] indicates that several parameters can influence the performance of the system significantly. In particular, current density influences the performance significantly. The effects of various design parameters have been investigated to determine if optimal values exist for the parameters. The model has shown that the thicknesses of the electrodes and separator, and current density can be optimized to give the maximum attainable power density. The model has also shown that greater power density can be achieved with thinner electrodes and separators. 
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ABSTRACT
Rotating Pt-ring TiO2-disk electrodes were used to investigate the catalytic mechanism of Pt sites in platinized semiconductor catalysts. When a TiO2 disk electrode immersed in a methanol-water mixture was illuminated with chopped light, an anodic current was observed at the Pt ring electrode even at cathodic potentials at which reduction (cathodic) current was expected to flow. This peculiar phenomenon was enhanced by oxygen bubbling and could be observed onIy in solutions with pH < 8. The phenomenon was analyzed in terms of a HO; radical which can promote a deprotonation reaction of organic compounds such as methanol The decomposition (oxidation) of organic compounds also can occur at Pt sites in the presence of oxygen and hydrogen ions.
Semiconductor photocatalysts are theoretically and practically important in using solar energy to synthesize new chemical products and fuels from chemical materials and/or biomass. TM Platinized titanium dioxide powder was applied successfully to photoelectrosynthesize ethane from acetate ions (the photo-Kolbe reaction) 3 and amino acids from a methane-ammonia-water mixture. 5 Photoeatalytie production of hydrogen from various biomass sources such as wood, cotton, etc., also has been demonstrated over Pt-TiO2/water suspensions] ' 13-1~
The following experimental results are well known: (i) the deposition of platinum on a semiconductor greatly enhances its catalytic activity. 4' a' 1~ Platinum promotes electron transfer from the semiconductor to redox species in solution and then reduces the possibility of recombination between electrons and holes; (if) the catalytic decomposition of organic compounds simultaneously with photosynthetic hydrogen evolution requires the presence of water. 2 A hydroxyl radical, the product of water oxidation, may be an intermediate which plays the decisive role in the photosynthetic activity of the system; 1' 2 (iii) the decomposition rate of organic compounds by photoeatalysts is greatly enhanced when oxygen is bubbled into the organic-water mixture. 8,, 9 However, due to the fundamental disadvantage of the catalytic particulate system in which oxidation and reduction sites cannot be separated spatially from each other, the detailed mechanism of photodeeomposition remains unknown.
Macroeleetrode systems have the advantage of allowing spaeial separation of the anodic and cathodic reaction sites. 2~ Moreover, if a rotating platinum-ring TiO2-disk electrode (RRDE) is used, kinetic parameters and the detailed mechanism associated with electrode processes may be clarified because of this electrode's hydrodynamics.
To elucidate the decomposition mechanism of organic compounds, we have found a phenomenon where the net ring current responding to the disk current is anodie in methanol-containing solutions even when the Pt ring is cathodically biased.
Experimental
The system used was the same as described elsewhere. 24 A c-cut wafer of a single crystal TiO2 purchased from Furuuehi Chemical Co., was used to prepare the TiO2 disks. Sample preparation conditions were reported previously. 22 A disk electrode with a diameter of 0.6 cm, and a Pt ring electrode with an inner diameter of 0.7 cm and an outer diameter of 0.92 em were used. The calculated collection efficiency No was 0.39. The doping concentrations of the TiO2 disks estimated from the Mott-Schottky plots at i kHz ranged from 1 x 1017 -5 x 1017 cm -a. The supporting electrolyte was 0.1M Na~SO4. The pH was adjusted in individual experiments by adding H2SO4 or NaOH. The solutions were purged with nitrogen for at least 10 min before each measurement. Figure 1 shows typical current-potential curves under chopped light illumination, with and without CHjOH at a chopping frequency of ca. 0.25 Hz. The measured pHs were 3.01 and 3.45, respectively. Before addition of CHjOH, the light intensity was adjusted to give a disk current of 500 gA at 1.0 V vs. SCE. This current is due to the oxidation of water. Thirty volume percent (v/o) CHjOH was added without changing other experimental conditions. The anodic disk current increased from 500 gA when methanol was added because methanol is a "current-doubling" agent. In Fig. 1 , ID increased from 500 to 640 gA. The increment of disk current due to the current-doubling effect of methanol depended on the past history of the TiO~ disk used. In both solutions, the disk current I, was slightly anodie with the light off in a potential range from 0 to 1.0 V vs. SCE. For example, the dark disk current was about 5 gA at 1.0 V vs.
Results
SCE. The ring current was recorded as a function of ring potential. As apparent from the upper part in Fig. 1, a plateau region could be observed near -1.0 V vs. SCE for both solutions. The potential region where this current is observed indicates that this plateau can be attributed to oxygen and hydrogen ion reduction. ~4 In addition, the ring current at the plateau increases when additional hydrogen ions are supplied from the disk due to deprotonation reaction at the illuminated TiQ disk: (2H20 + 4H § (VB) --+ 02 + 4H+), although this is not shown in Fig. 1 . The lifetime of hydrogen ions thus formed is expected to be relatively long in acidic and neutral solutions and can be detected at the ring electrode. 24 On the contrary, it cannot be detected in basic solutions due to rapid recombination with OH-(H + +
